Purpose: Elevated arterial blood pressure (BP) is associated with autonomic dysfunction and impaired haemodynamic control mechanisms. Isometric exercise (IE) training has been demonstrated effective at reducing BP; however, the continuous cardiovascular responses during IE are underinvestigated. We hypothesized that reflex autonomic cardiovascular control is an important mediator in reducing BP. To test our hypothesis, we investigated continuous cardiac autonomic modulation and baroreceptor reflex sensitivity (BRS) in response to IE.
Introduction 1 2
Pre-hypertensive populations have up to 12 times the risk of developing hypertension (43) 3 which remains the leading attributable risk factor for global mortality (45). Additionally, 4 compared to optimal blood pressure (BP), pre-hypertensive individuals have greater risk of 5 accelerating the development of cardiovascular disease (43). The principal aim of anti-6 hypertensive interventions is to reduce cardiovascular and all-cause mortality by lowering BP, 7 which can be achieved through lifestyle modification alone or in combination with 8
pharmacotherapy. 9 10
The role of aerobic exercise training as a lifestyle modification for BP reduction is well 11 established, with positive cardiac, vascular, and neurohumoral adaptations all potential 12 mechanisms improving arterial haemodynamics (33). However, evidence has shown that 13 isometric exercise (IE) training is also capable of reducing resting arterial BP in 14 normotensive (46), pre-hypertensive (3) and hypertensive populations (40). Importantly, 15 mean BP reductions of 10.9 mmHg systolic (sBP) and 6.2 mmHg diastolic (dBP) have been 16 reported with IE training, which are greater than traditional aerobic exercise and dynamic 17 resistance training programmes (8) . 18
19
Isometric handgrip training (IHG) has been the most commonly prescribed IE training 20 intervention, possibly due to mobility issues with some older and physically inactive adults. 21
However, research has suggested that a larger muscle mass may influence the magnitude of 22 BP reductions (14) . As such, other groups have utilised isometric leg training (46), which has 23 produced notable reductions in BP, of a similar level to IHG training, even when performed 24 at a lower relative percentage of maximal voluntary contraction (26). IHG training of 4 x 2-min bilateral contractions, which is the most commonly prescribed 38 protocol (28), has been shown to elicit acute improvements in cardiac autonomic regulation 39 during recovery (increased parasympathetic modulation), accompanied by post exercise 40 systolic hypotension (27). The increased parasympathetic activity and systolic hypotension 41 seen following IE may be associated with an improved baroreceptor reflex sensitivity (BRS). 42
However, few studies have recorded the spontaneous BRS response to IE. We hypothesized 43 that IE would induce an increase in sympathetic modulation followed by a directionally 44 opposite response in recovery with greater parasympathetic over sympathetic activity, 45 mediated by an increase in baroreceptor reflex control of heart rate. Therefore, the aim of this 46 study was to investigate the transient cardiac autonomic, central and peripheral 47
Autonomic and Haemodynamic Assessment 101 102
All testing was conducted in a controlled laboratory environment. Upon arrival at the 103 laboratory, BP was measured 3 times at 5-minute intervals following a 15-minute period of 104 quiet seated rest to confirm pre-hypertension (Carescape V100, GE Healthcare, United 105 Kingdom). A SECA 213 stadiometer was used to measure height and weight was measured 106 using SECA 700 mechanical collumn scales (SECA gmbh & co, Germany). 107
108
The Task Force ® Monitor (TFM) is a validated non-invasive monitoring system (11), which 109 was used for the continuous beat-to-beat monitoring and automatic online calculation of all 110 cardiac autonomic and haemodynamic parameters. Cardiac autonomic modulation was 111 assessed by the oscillating fluctuations in the frequency and amplitude of each R-R interval 112 using power spectral analysis and applying an autoregressive model. The TFM uses an online 113 QRS detector algorithm combined from Pan and Tompkins (30) and Li, Zheng and Tai (21) 114 to determine HRV indices of cardiac autonomic function. The algorithm enables the QRS 115 complex to be distinguished from high P or T waves, noise, baseline drift and artefacts. ECG 116 traces were also manually screened to confirm traces were clear of any erroneous data. High 117 (predominantly parasympathetic outflow) and low (predominantly sympathetic outflow) (1) 118 frequency parameters of heart rate variability (HRV) were automatically calculated by the 119 TFM and expressed in absolute (ms 2 ) and normalised units (nu). Normalisation of the 120 frequency components of HRV has proven crucial to the interpretation of these data (23). The 121 ratio of LF-to-HF (LF:HF ratio) is an accepted measure of cardiac sympathovagal balance 122 All participants completed the entire IE session at their pre-prescribed knee joint angle. 178
Baseline demographic information is shown in Table 2 . 179 180
Cardiac Autonomic Response 181 182
Cardiac autonomic function at baseline, during each period of IE and in recovery is shown in 183 Figure 2 and Table 3 . IE produced a statistically significant change in mean R-R power 184 spectral density (PSD) of HRV between baseline, IE and recovery time points (F(2.504, 185 57.601) = 23.926, p<0.001). Figure 2A , demonstrates that there was a significant stepwise 186 reduction in R-R PSD from baseline to IE2 (p<0.02), IE3 (p<0.001), and IE4 (p<0.001), 187
followed by a significant increase in R-R PSD above baseline from IE4 to recovery (p<0.001). 188
Absolute HF (ms 2 ), LF (ms 2 ) and very low frequency (VLF ms 2 ) HRV data is shown in Table  189 3. All frequencies decreased significantly between baseline and IE3 and IE4 (p<0.05), then 190 increased significantly following IE4 into recovery (p<0.001). When analysing HRV in 191 normalised units, LFnu increased during the first interval of IE, and remained above baseline 192 during all 4 bouts (59.9 ± 16.6% to 70.5 ± 14.7%). There was a significant decrease in LFnu 193 during the recovery period (70.1 ± 15.9% to 46.3 ± 14.3%, p<0.001). An inverse response 194 was recorded in HFnu (see Figure 2B ). The LF:HF ratio increased during the first interval of 195 IE and remained above baseline throughout the IE session, followed by a significant 196 reduction (4.4 ± 4.1 to 1.1 ± 0.7, p<0.05) from the final IE bout into recovery (see Figure 2C) . baseline and all periods of the IE session (p<0.001) followed by a significant reduction from 213 IE4 into recovery (p<0.001), which was also significantly lower than baseline dBP (p<0.001). 214
The mBP response during the IE session demonstrated a similar pattern to sBP and dBP with 215 the same differences (p<0.05) (see Figure 3A) . In the recovery intervals between IE bouts, 216 mean sBP was 132.8 ± 24.5 mmHg between bout 1 and 2; 121.1 ± 17.9 mmHg between bout 217 2 and 3 and 125 ± 15.7 mmHg between bout 3 and 4. Mean dBP was 79.7 ± 27.5 mmHg 218 between bout 1 and 2; 75.2 ± 18 mmHg between bout 2 and 3 and 77.6 ± 16.4 mmHg 219 between bout 3 and 4. 220
221
There was a significant stepwise increase in HR (F(2.887, 69.277) = 85.511, p<0.001) from 222 baseline through each IE interval (all p<0.001), followed by a significant reduction in HR 223 13 from IE4 into recovery from 108.5 ± 17 to 70.3 ± 14.8 b·min -1 (p<0.001). In the recovery 224 intervals between IE bouts, mean HR was 68.3 ± 11.8 b·min -1 between bout 1 and 2; 73.4 ± 225 12 b·min -1 between bout 2 and 3; and 77.9 ± 13.1 b·min -1 between bout 3 and 4. As a 226 consequence of the HR and BP responses, there was a significant linear increase in RPP from 227 baseline through all IE intervals (F(2.309, 55.422) = 102.716, p<0.001), followed by a 228 significant decrease in RPP from IE4 into recovery (p<0.001) to below baseline (See Figure 3C ) demonstrated an initial increase during IE1, followed by a stepwise 232 decrease during the remaining IE intervals (F(2.665, 63.952) = 13.356, p<0.001), and was 233 significantly lower during the recovery period compared with baseline (p<0.05). TPR 234 indexed data is presented in Table 3 . 235
236
Stroke Volume (SV) (F(2.380, 57.113) = 10.271, p<0.001) decreased significantly from 237 baseline to IE1 (p<0.05) and remained below baseline throughout the IE session. In recovery, 238 SV significantly increased (p<0.05) and was higher than baseline ( Figure 3D ). Stroke index 239 data is presented in Table 3 . Cardiac output (Q ) (F(2.698, 64.749) =25.977, p<0.001) 240
increased from baseline at each IE interval. During recovery there was a significant reduction 241 in Q and cardiac index (CI) (p<0.05). There was a significant difference between baseline 242 and recovery CI (p<0.05), as shown in Table 3 . Esformes (4) demonstrated that when performing single isometric double-leg press, carotid 295 artery diameter is preserved in the recovery period. Importantly, the single isometric 296 contraction was only 5-seconds in duration. The impact a 4 x 2-minute IE session would have 297 on carotid artery mechanics is of interest for future research. 298
299
The differences in the acute cardiac autonomic response between exercise modes, may in part, 300 explain the greater exercise induced BP reductions following IE compared to aerobic exercise. 301
Furthermore, these acute responses may also be important mechanisms producing greater BP 302 reductions following a programme of IE training compared to traditional aerobic exercise. However, during IE, there is an initial significant rise in dBP in the first IE bout followed by 314 a non-significant rise in dBP in the remaining IE bouts. This was associated with a significant 315 rise in TPR in the first IE bout, followed by a gradual non-significant decrease in the 316 remaining bouts. The rise in dBP in the first IE bout is likely due to the increase in Q and 317 TPR. However, in the remaining IE bouts, the small continued rise in dBP despite small 318 progressive reductions in TPR may be explained by the continued rise in Q in association 319
with impaired left ventricular diastolic function (44) and/or increased end-diastolic pressure, 320 which is supported by the reduced stroke volume seen during IE. 321 322 A step-wise increase in Q was primarily mediated by a linear increase in HR, since SV 323 significantly decreased at the onset of IE and remained plateaued until recovery. This is in 324 contrast to aerobic exercise, which demonstrates an increase in SV due to increased preload. However, the reduction in TPR during successive intervals of IE suggests that arterial 346 dilatation occurs, and that the release of sympathetic neurotransmitters may be superseded by 347 a more dominant vascular reaction. During aerobic exercise, functional hyperaemia occurs to 348 meet added oxygen (O2) demand causing muscle cell metabolism and O2 uptake to increase. 
